Prophylactic neuroprotection against stroke could reduce stroke burden in thousands of patients at high risk of stroke, including those with recent transient ischemic attacks (TIAs). Prolyl hydroxylase inhibitors (PHIs), such as deferoxamine (DFO), reduce stroke volume when administered at high doses in the peristroke period, which is largely mediated by the hypoxia-inducible transcription factor (HIF-1). Yet, in vitro experiments suggest that PHIs may also induce neuroprotection independent of HIF-1. In this study, we examine chronic, prophylactic, low-dose treatment with DFO, or another iron chelator deferasirox (DFR), to determine whether they are neuroprotective with this paradigm and mediate their effects through a HIF-1-dependent mechanism. In fact, prophylactic administration of low-dose DFO or DFR significantly reduces stroke volume. Surprisingly, DFO remained neuroprotective in mice haploinsufficient for HIF-1 (HIF-1 + /À) and transgenic mice with conditional loss of HIF-1 function in neurons and astrocytes. Similarly, DFR was neuroprotective in HIF-1 + /À mice. Neither DFO nor DFR induced expression of HIF-1 targets. Thus, low-dose chronic administration of DFO or DFR induced a prolonged neuroprotective state independent of HIF-1 function. As DFR is an orally administered and well-tolerated medication in clinical use, it has promise for prophylaxis against stroke in patients at high risk of stroke.
Introduction
Over 700,000 strokes and 240,000 transient ischemic attacks (TIAs) occur in the United States each year. Unfortunately, these patients incur a 9% to 14% risk of a recurrent stroke within 90 days of their sentinel event, with the majority occurring within the first month and the highest risk occurring within the first few days (Hill et al, 2004; Johnston et al, 2007; Kleindorfer et al, 2005) . Similarly, patients with intracranial artery stenosis (Thijs and Albers, 2000) or atrial fibrillation are at high risk of stroke. In contrast to the current emphasis on acute treatment of stroke, prophylactic delivery of neuroprotective agents could establish a neuroprotective state and provide adequate delivery of neuroprotective agents before the onset of ischemia (Fisher et al, 1994; Savitz and Fisher, 2007) . Given the large number of patients at high risk of stroke, this unique approach has the potential to reduce stroke burden in tens of thousands of patients each year. Yet, few studies delivered neuroprotectants over an extended time frame to determine whether they remain neuroprotective and are tolerated over a course of several weeks, which would be needed in patients at high risk of stroke.
Prolyl hydroxylase inhibitors (PHIs), like deferoxamine (DFO), are neuroprotectants that induce the abundance of hypoxia-inducible factor 1 (HIF-1). Hypoxia-inducible factor 1 is a transcription factor critically involved in the ability of cells and the organism to adapt to hypoxia. Among the several dozen targets that are induced by HIF-1 are proteins that enhance angiogenesis, increase glycolysis, and inhibit mitochondrial-derived ROS production (Semenza, 2000 . Prolyl hydroxylase inhibitors, like DFO, increase HIF-1 target expression and effectively reduce stroke volumes (Baranova et al, 2007; Siddiq et al, 2005) . In the case of DFO, its protection is seen when it is administered at high doses (300 mg/kg) in the peristroke time period and HIF-1 function in neurons is critical for this protective effect of DFO (Baranova et al, 2007) . As such, there is great interest in utilizing PHIs to induce HIF-1 function for acute stroke treatment. Yet, some in vitro studies suggest that PHIs, including DFO, also provide neuroprotection in the absence of HIF-1 function (Niatsetskaya et al, 2010; Siddiq et al, 2009) . It is unknown if DFO and similar compounds are effective for prophylactic neuroprotection against stroke and if HIF-1 mediates these putative neuroprotective properties.
In this study, we demonstrate that prolonged prophylactic treatment with the iron chelator DFO at a low dose (40 mg/kg per day) significantly reduces stroke volume, which lasts for at least a month. Similarly, the iron chelator deferasirox (DFR) (10 to 20 mg/kg per day) also reduces stroke volume when administered for prolonged time frames. Interestingly, while haploinsufficiency of HIF-1 (HIF-1 + /À) reduces or eliminates the hypoxic-induced expression of HIF-1 targets, the neuroprotection provided by low-dose chronic DFO or DFR is not reduced in HIF-1 + /À mice. Similarly, in transgenic mice with conditional loss of HIF-1 function in both neurons and astrocytes, DFO remains effective at reducing stroke volume. Hypoxia-inducible factor 1 target abundance is not induced by either DFO or DFR, when select targets were examined by quantitative polymerase chain reaction (PCR) or when explored using microarray analysis. With microarray analysis, DFO and DFR induced very few transcripts in the brain that were largely independent target profiles. Thus, low-dose, prolonged DFO and DFR treatment induces HIF-1-independent neuroprotective mechanisms. Given the fact that DFR is well tolerated and is administered orally, this agent could be valuable in establishing prophylactic neuroprotection in patients at high risk of stroke.
Materials and methods

Temporary Middle Cerebral Artery Occlusion Stroke Model in Mice
All methods using mice were performed to minimize pain or discomfort to the mice and were approved by our university committee devoted to the ethical use of animals in research. Mice were anesthetized with isoflurane (Ohmeda Fluotec 4; Eagle Eye Anesthesia Inc., Jacksonville, FL, USA; 30% O 2 and 70% nitrous oxide). The animal's temperature was maintained at 371C by a heating pad and feedback control system (FHC, Bowdoin, ME, USA). A laser Doppler probe (Perimed, North Royalton, OH, USA) was fixed in place on the skull 5 mm lateral and 2 mm posterior to Bregma. A coated filament was placed into the external carotid artery lumen and advanced to the middle cerebral artery (MCA) with concurrent recording of laser Doppler cerebral blood flow to ensure that the cerebral blood flow decreased to below 25% of baseline. After 45 to 50 minutes, the filament was removed, the external carotid artery was permanently ligated, the temporary CCA ligation was reversed, the Doppler probe was removed, and the animal was allowed to recover in a temperature-controlled environment (Thermocare, Incline Village, NV, USA). The volume of the infarct was determined 24 hours later by staining the brain with 2,3,5-triphenyltetrazolium chloride. Only those mice in which a reduction in cerebral blood flow below 25% of baseline was achieved, with a return to > 80% of baseline with filament removal, were included in data analysis. To account for the effects of edema, stroke volumes were calculated indirectly (Lin et al, 1993) . All mice meeting the above criteria were included in the analysis and in all cases, the person performing the MCA occlusion (MCAO) and measuring the stroke volumes was blinded to the treatment groups.
Blood Pressure, Blood Oxygen Saturation, pH, and Cell Count
In a subset of animals, these indices were monitored via placement of a catheter in the femoral artery. Briefly, after being separated from the femoral vein and nerve, the femoral artery was ligated distally. The proximal end was clamped temporarily. A plastic catheter was placed into the proximal femoral artery. A pressure monitor BP-1 (World Precision Instruments, Sarasota, FL, USA) was used to measure the blood pressure throughout the operation. Blood samples were collected from the catheter into a heparinized calibrated pipets (44.7 mL; VWR International, Westchester, PA, USA) to measure blood gases. In addition, 100 mL of blood was used to quantify red and white blood cell counts.
Deferoxamine and Deferasirox Treatment
ALZET microosmotic pumps (Durect Corporation, Cupertino, CA, USA) were used to deliver continuous DFO to the intraperitoneal space. An ALZET pump filled with DFO (DFO mesylate salt; Sigma, St Louis, MO, USA) saline solution was inserted into the peritoneal cavity. After the closure of the muscle and skin layer separately by sutures, the mice were allowed to recover in temperature-controlled incubator (Thermocare). These pumps were used for 1 day up to 4 weeks. In control mice, ALZET pumps were placed and filled with saline.
To treat mice with DFR, 6-to 8-week-old mice were acclimated 4 to 5 days with Bio-Serv 50 mL graduated water bottles filled with 50% apple juice (in water). The DFR was dissolved in the 50% apple juice to encourage consumption. A 125-mg DFR tablet was dissolved into 50% apple juice and fed to the mice at 5 to 20 mg/kg daily dose for 1 day up to 4 weeks. Control mice were fed 50% apple juice and water.
RNA Isolation, cDNA Synthesis, Quantitative Polymerase Chain Reaction, and Microarray
For mice subjected to hypoxia (8% O 2 for 5 hours), DFO, or DFR treatment, we collected brain tissue immediately after the hypoxic exposure or after the drug treatment. As for the DFO continuously treated mice, we collected the brain tissue at 5 days, 14 days, and 4 weeks after the pumps insertion. Brain tissue was collected with tissue punches from the cortex that was located in a MCA distribution, an area that is typically involved in the stroke volume after transient MCAO. The brain tissue was collected from DFR-treated mice 14 days after initiating drug treatment. Brain tissue was dounce homogenized, RNA extracted, cDNA synthesized, and quantitative PCR was performed with the same methodology as described in the earlier work (Rempe et al, 2007) . Briefly, by using RNA easy columns as per the manufacturer's (Qiagen, Valencia, CA, USA) recommendations, we collected total RNA. All the samples were treated with DNase. The RNA pellet was stored at À801C until cDNA synthesis. Synthesis of cDNA was performed with SuperScript III (Invitrogen, Carlsbad, CA, USA) according to the manufacturer's recommendations. We used 600 to 1000 ng of total RNA and random hexamers for the synthesis of cDNA. Control reactions were performed without reverse transcriptase. An ABI prism 7300 (Applied Biosystems, Foster City, CA, USA) sequence detector real-time PCR thermocycler was used for measuring relative abundance of transcript levels of the genes of interest. All samples were measured in duplicate and standard curves of known concentrations of different genes were used. b-Actin or glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as internal controls. The primer and probe sequences for erythropoietin (EPO), vascular endothelial growth factor (VEGF), hexokinase 2 (HK2), glucose transporter 1 (GLUT-1), Nip3, Nix, HIF exon2, and monocarboxylase transporter 4 (MCT4) are listed in Supplementary Table S1 and are the same as those used in our earlier work (Rempe et al, 2007) .
For microarray analysis, total RNA was shipped on dry ice to Asuragen (Austin, TX, USA) for quality validation (Agilent Bioanalyzer, Agilent Technologies, Santa Clara, CA, USA), preparation of Cy3-labeled cRNA (Illumina TotalPrep, Ambion/Applied Biosystems, Austin, TX, USA), hybridization of cRNA to Illumina MousRef8 BeadChip arrays, array scanning, and computation of background-subtracted fluorescence intensities and probabilities that probe signals were greater than background. The MouseRef8 array targets B25,600 well-annotated RefSeq transcripts and over 19,100 unique genes. Data were quantile normalized with Partek Genomics Suite software and exported to a Microsoft Excel spreadsheet for further analysis (see below). For those targets in which their expression abundance was confirmed by quantitative PCR, the primer and probe sequences of these targets are listed in Supplementary Table S1 .
Protein Lysates, Immunoblots, and Enzyme-Linked Immunosorbent Assays
We collected whole-cell lysates from brain tissue. Briefly, 300 mL Radio-Immunoprecipitation Assay (RIPA) buffer with protease inhibitor (Sigma) and Phosstop (Roche, Indianapolis, IN, USA) were added at the recommended concentrations. The brain tissue was homogenized by dounce homogenizer. The tissue was sonicated under 0.5 power for 5 seconds three times (Sonicator 3000, Misonix, QSonica, Newtown, CT, USA). The samples were then centrifuged at 13,000 g for 15 minutes and the supernatant was collected. Protein concentration was determined using a modified Lowry method (Bio-Rad, Hercules, CA, USA). In some cases, 200 mg of protein lysate was used to measure the protein concentration of EPO or VEGF by enzyme-linked immunosorbent assay by following the manufacturer's instructions (R&D Systems, Minneapolis, MN, USA).
To be used for Western blots, protein was diluted into buffer containing sodium dodecyl sulfate and b-mercaptoethanol, electrophoresis was performed using polyacrylamide gels. The protein was transferred to polyvinylidene fluoride (PVDF) membranes (Millipore, Temecula, CA, USA) and placed in blocking buffer (5% dry milk, 0.1% BSA, 0.1% Tween, 34 mmol/L NaCl, Tris, pH 7.5) for 1 hour at room temperature. The membranes were subsequently placed in diluted first antibody: anti-Phospho-Akt (Ser473) Antibody (1:1000; Cell Signaling Technologies, Danvers, MA, USA), anti-Akt Antibody (1:1000; Cell Signaling), anti-Phospho-p44/42 mitogen activated protein kinase (MAPK) antibody (1:1000; Cell Signaling), anti-p44/42 MAPK antibody (1:1000; Cell Signaling), anti-cAMP response elementbinding (CREB)-1 antibody (1:1000; Upstate Biotechnologies; Millipore, Billerica, MA, USA), or antibody specific for b-actin at 41C overnight. Horseradish peroxidase-conjugated secondary antibodies in appropriate dilution were used. The immunoblots were developed with chemiluminescence (Perkin-Elmer Life Sciences, Waltham, MA, USA) and exposed to X-Omat film (Eastman Kodak Co., Rochester, NY, USA). For each set of blots, the membranes were stripped and probed with multiple antibodies.
HIF-1a Heterozygous Knockout Mice (HIF-1 + /À) and hGFAPcreHHIF-1 F/F Mice HIF-1a heterozygous knockout mice (HIF-1 + /À) were used to evaluate the role of HIF-1a in DFO-induced neuroprotection. The HIF-1 + /À mice were derived from floxed HIF-1a mice, which were kindly supplied by Dr Randall Johnson (Ryan et al, 2000) . The HIF-1a floxed mice were crossed with Synapsin Cre mice (Zhu et al, 2001) . Although the Synapsin Cre mice were designed to be neuronal specific, germline recombination occurs in a certain percentage of the progeny (Rempe et al, 2006) . Thus, we used progeny of these mice to accomplish germline recombination. Once recombination of the floxed HIF-1a allele was confirmed by PCR, the mice were breed with C57Bl6 mice to remove Synapsin Cre from their genotype. The selected HIF-1 + /Àprogeny were subsequently bred with C57Bl6 mice for at least 10 generations. When using HIF-1 + /À mice, littermate HIF-1 + / + mice were used for the control group to avoid any effects of genetic drift of our mouse colony. Similarly, to achieve loss of HIF-1 function in astrocytes and neurons in the cortex, the HIF-1a floxed mice were crossed with hGFAPcre mice (Zhuo et al, 2001) to form HIF-1 F/F HGFAPcre mice. Littermate controls (HIF-1 F/F ) were used as the control group.
Statistical Analysis
When comparing stroke volume between groups of mice, each treatment groups consisted of at least five mice, but contained up to 11 mice in some cases. In those treatment groups containing X8 mice, a Shapiro-Wilk normality test was performed (Graphpad 5, La Jolla, CA, USA) to ensure a parametric distribution of the data. Thus, when comparing stroke volume among numerous groups, a one-way analysis of variance was used with Bonferroni corrections for post hoc comparisons. When stroke volume was compared in grouped comparisons, a two-way analysis of variance with Bonferroni corrections was used (see figure legends). All results in the text, tables, and figures are presented as an average±s.d. Statistical analysis of the quantitative PCR data was performed by comparing across groups (n = 3 to 6 mice per group) and experimental conditions with either a one-way or two-way analysis of variance with Bonferroni corrections for post hoc comparisons.
After quantile normalization, the microarray data were analyzed in a Microsoft Excel Spreadsheet. As the primary objective of the microarray was to determine whether the treatment evoked the expression of HIF-1 targets, we maximized the sensitivity of detecting changes in target expression by choosing P values of p0.01 (instead of the more stringent P values normally used for microarray studies) and ratios between treatment and control groups of 1.25. Thus, a target only needed to demonstrate an increase of 25% with a P value of 0.01 to be considered significant.
The P values were determined by independent t-tests comparing the control samples (n = 4 for each group) and the test samples (n = 5 for each group). Again, to increase the sensitivity of observing changes in HIF-1 targets, no statistical corrections were used to correct for multiple comparisons.
Results
Low-Dose, Prolonged Administration of Deferoxamine Induces Long-Term Neuroprotection Against Stroke
When administered within 6 hours of stroke onset, a 300 mg/kg single injection of DFO decreases stroke volume (Baranova et al, 2007) . As DFO is administered to patients over an extended time course, we examined if prolonged treatment with DFO protects against stroke. To avoid possible toxicity with repeated administration of a high dosage of DFO, we first examined if 2 weeks of continuous infusion of DFO at 40 mg/kg per day or 80 mg/kg per day by osmotic pumps (ALZET) provides neuroprotection. Transient MCAO was performed in mice after treatment with prolonged DFO or saline (control) ( Figure 1A ) and the implanted pumps remained in place during and after MCAO. Two weeks of DFO (40 mg/kg per day) significantly reduced stroke volume, whereas 80 mg/kg per day of DFO had a smaller, nonsignificant effect ( Figure 1B) . Administration of lower doses of DFO (10 and 20 mg/kg per day) to mice for 2 weeks did not reduce stroke volume ( Figure 1C ). To examine whether treatment with 40 mg/kg per day of DFO also reduces stroke damage when administered for shorter or longer time periods, MCAO was performed in mice treated with DFO for 5 days and 4 weeks. Similar to the 2-week time point, treatment with DFO significantly diminished stroke volumes when administered for 5 days or 4 weeks ( Figure 1D ). These results suggest that DFO can provide neuroprotection against stroke when delivered continuously over an extended time frame. As DFO chelates irons, it has the potential to produce anemia and other toxic effects. These changes could influence stroke outcome. Thus, we measured the influence of DFO on blood oxygen saturation, blood pressure, pH, white blood cell count, and hemoglobin in a subset of mice. Four weeks of whereas the more modest reduction in stroke volume with 80 mg/kg per day was not significant (one-way analysis of variance (ANOVA) with Bonferroni's multiple comparison test, n = 7 to 8 mice in each group). (C) Two weeks of treatment with 10 to 20 mg/kg per day of DFO did not reduced stroke volume (one-way ANOVA with Bonferroni's multiple comparison test, n = 6 to 9 mice in each group). (D) Treatment with 40 mg/kg per day of DFO for 5 days, 2 weeks, or 4 weeks all significantly reduces stroke volume compared with saline controls (two-way ANOVA with Bonferroni's posttest analysis, n = 5 to 9 mice in each group). For clarity of the comparisons, the same data for the 2-week time point that is plotted in (B) is also plotted in (C). delivery of DFO did not influence these physiologic indices (Table 1) .
Low-Dose, Prolonged Deferoxamine Administration Does Not Induce Hypoxia-Inducible Factor Targets in the Brain
High-dose DFO induces HIF-1 protein abundance and HIF-1 target expression. Moreover, the protection mediated by DFO in acute stroke is diminished by selective loss of HIF-1 function in neurons (Baranova et al, 2007) . Thus, we examined if HIF-1 targets are increased by chronic DFO treatment. Deferoxamine (40 mg/kg per day) was administered by osmotic pumps continuously for 5 days, 2 weeks, or 4 weeks. Deferoxamine administration for these time periods did not consistently induce the transcript abundance of the known HIF-1 targets VEGF, Glut-1, HK2 (Figure 2 ), or Nip3 (data not shown).
In the case of Glut-1, there was a modest increase in their expression after 1 month of DFO treatment. Yet, no increases were observed at 5 days and 2 weeks of DFO administration, despite the fact that DFO reduced stroke volumes at these time points. In addition, EPO transcript abundance, which is primarily induced by the transcription factor HIF-2 (not HIF-1) (Chavez et al, 2006; Weidemann et al, 2009) , was nonsignificantly increased after 4 weeks of DFO administration, but this trend was not observed at the other time points. As the neuroprotectants EPO and VEGF are targets of HIF-2 and HIF-1, respectively (Malhotra et al, 2006; Prass et al, 2003) , we examined the protein abundance of EPO and VEGF in the brain using enzyme-linked immunosorbent assay. Prolonged low-dose DFO treatment did not change either EPO or VEGF protein abundance (Figure 3) .
Haploinsufficiency of Hypoxia-Inducible Factor 1 Function Does Not Reduce the Deferoxamine-Mediated Neuroprotection
Loss of HIF-1 function selectively in neurons blocks the neuroprotection afforded by a single treatment with DFO (300 mg/kg) (Baranova et al, 2007) . Similarly, the cardiac protection afforded by ischemic preconditioning is completely lost in mice with HIF-1 haploinsufficiency (HIF-1 + /À) (Cai et al, 2008) . We used HIF-1 + /À mice, or littermate controls (HIF-1 + / + ), to address if haploinsufficiency of HIF-1 reduces DFO-mediated neuroprotection. First, to ensure that the function of HIF-1 is reduced in the brain of HIF-1 + /À mice, we examined the transcript abundance of HIF-1a and its targets in mice. As expected, transcript abundance of HIF-1a exon2 was reduced by B50% in HIF-1 + /À mice ( Figure 4A ). Exposure of littermate controls to 8% O 2 for 5 hours, which are the conditions that induce protection with hypoxia preconditioning, induced the transcript abundance of several HIF-1 and HIF-2 targets including EPO, VEGF, Glut-1, HK2, and MCT4 (Supplementary Figure S1 ). Not surprisingly, hypoxia-induced expression of EPO, which is mainly regulated by HIF-2a (Chavez et al, 2006; Weidemann et al, 2009) , was not reduced in HIF-1 + /À mice. In contrast, the hypoxia-induced expression of known HIF-1 targets, such as Glut-1, HK2, and MCT4, were all significantly attenuated in HIF-1 + /À mice. In fact, in the case of HK2 and MCT4, partial loss of HIF-1 function largely abrogated the hypoxiainduced increase in transcript abundance (Supplementary Figure S1 ). Thus, the hypoxic regulation of several HIF-1 targets was reduced in HIF-1 + /À mice.
As hypoxia-induced HIF-1 targets were reduced in HIF-1 + /À mice, we used these mice to determine whether partial loss of HIF-1 function reduced neuroprotection mediated by prolonged DFO administration. Similar to the results reported above (Figure 1) , 2 weeks of DFO treatment reduced stroke volume in HIF-1 + /À and wild-type littermate controls (HIF-1 + / + ) ( Figure 4B ). Deferoxamine reduced the stroke volume of HIF-1 + / + and HIF-1 + /À mice by 36% and 46%, respectively. Thus, there was no suggestion of partial loss of protection in the HIF-1 + /À mice.
Selective Loss of Hypoxia-Inducible Factor 1 Function in Neurons and Astrocytes Does Not Reduce Deferoxamine-Mediated Neuroprotection
To further delineate HIF-1's potential role in mediating the neuroprotective properties of chronic DFO Figure 4 Deferoxamine (DFO) remains protective when hypoxia-inducible factor 1 (HIF-1) function is reduced in all tissue (HIF-1 + /À mice) or lost selectively in neurons and astrocytes (HIF-1 F/F HhGFAPcre mice). (A) As expected, the abundance of HIF-1 transcript (exon2) is significantly reduced to B50% of control levels in brain cortex of HIF-1 + /À mice (two-way analysis of variance (ANOVA) with Bonferroni's posttest analysis, n = 4 mice in each group). (B) Despite the loss of HIF-1 transcript, low-dose, prolonged DFO (40 mg/kg per day for 2 weeks) significantly reduces stroke volume in HIF-1 + /À mice and their littermate controls (two-way ANOVA with Bonferroni's posttest analysis, n = 8 to 11 mice in each group). (C) HIF-1 transcript in the cortex of HIF-1 F/F HhGFAPcre mice is reduced by 79% compared with sibling controls (HIF-1 F/F mice) (independent t-tests, n = 10 to 14 mice in each group). (D) DFO significantly reduces stroke volume in HIF-1 F/F mice (retain HIF-1 function) (independent t-tests, n = 5 to 7 mice in each group). (E) DFO significantly reduces stroke volume with loss of HIF-1 function in neurons/astrocytes in HIF-1 F/F HhGFAPcre mice (independent t-tests, n = 5 to 7 mice in each group). administration, we determined whether loss of HIF-1 function in neurons and astrocytes reduced the protection mediated by DFO. To conditionally knockout HIF-1 function in neurons and astrocytes, we used HIF-1 F/F transgenic mice (Ryan et al, 2000) , which contain a floxed HIF-1 transgene. These HIF-1 F/F mice were breed with mice, which express cre recombinase in both astrocytes and neurons (Zhuo et al, 2001) . To control for the effective recombination of floxed allele, we measure the HIF-1 transcript abundance in cortical punch biopsies (opposite hemisphere) in HIF-1 F/F HhGFAPcre mice and sibling controls when the brain tissue was collected for quantifying stroke volume. Hypoxiainducible factor 1 transcript abundance was significantly reduced by 79% in HIF-1 F/F HhGFAPcre mice compared with HIF-1 F/F sibling controls ( Figure 4C ). Despite this loss of HIF-1 transcript, DFO (40 mg/kg per day for 2 weeks) still significantly reduced stroke volume ( Figure 4D ). These data demonstrate that chronic low-dose DFO mediates neuroprotection independent of HIF-1 function.
Prolonged Administration of DFO Does Not Induce Phosphorylation of Akt, Extracellular Signal-Regulated Kinases (ERK), or CREB in the Brain or EPO Production in the Periphery
The data presented above strongly suggest that HIF-1-independent molecular mechanisms mediate the protection induced by prolonged low-dose DFO administration. Akt phosphorylation is critical in hypoxia-induced neuroprotection against OGD injury in vitro and is involved in the ischemic postconditioning against stroke in vivo. Yet, when examining the phosphorylation of Akt using a phosphorylation-specific antibody directed to Ser473, Akt phosphorylation was not altered by low-dose, prolonged DFO treatment. ERK is an important component of MAPK pathway and is activated by reactive oxygen species, which may be induced by DFO. Yet, phosphorylation of ERK was also not altered by DFO treatment (Supplementary Figure  S2) . Finally, iron chelation may increase cell viability by inducing CREB (Zaman et al, 1999 ). Yet, again no change in CREB abundance was observed in the DFO-treated mice (Supplementary Figure S2) . As DFO has poor penetration of the blood-brain barrier into the brain, we also determined whether its protective effects could be mediated by inducing EPO in the periphery. Yet, DFO treatment did not alter the abundance of EPO protein in the kidney, liver, and serum (Supplementary Figure S3 ).
Prolonged Administration of Iron Chelator Deferasirox also Reduces Stroke Volume, Which Is Not Attenuated in HIF-1 + /À Mice
Although DFO is neuroprotective, when used clinically, it must be administered subcutaneously and has several side effects limiting its clinical utility as a putative agent for prophylactic neuroprotection in patients. In contrast, DFR is an iron chelator that is administered orally and well tolerated (Cappellini, 2008) . As such, we examined if DFR is neuroprotective when administered as a prophylactic agent before stroke. Mice were treated for 2 or 4 weeks with DFR and then underwent transient MCAO ( Figure 5 ). Similar to that observed for DFO, treatment with DFR for 2 weeks significantly reduced stroke volume. When DFR was administered at 10 or 20 mg/kg per day, stroke volume was diminished ( Figure 5B ). In contrast, 5 mg/kg per day of DFR had no effect on stroke volume. Similarly, DFR (20 mg/kg per day) reduced stroke volume when administered for 1 month before MCAO ( Figure 5C ). To determine whether partial loss of HIF-1 function reduced the protection mediated by DFR, we also examined whether DFR protected HIF-1 + /À mice against stroke. Similar to DFO, DFR-mediated protection was not diminished in HIF-1 + /À mice compared with sibling controls (HIF-1 + / + ) ( Figure 5D ). stroke volume when administered at 10 or 20 mg/kg per day, but not at 5 mg/kg per day (one-way analysis of variance (ANOVA) with Bonferroni's posttest analysis, n = 6 to 10 mice in each group). (C) DFR (20 mg/kg per day) remains effective at reducing stroke volume when administered for 4 weeks (independent t-tests, n = 9 to 12 mice in each group). (D) DFR (20 mg/kg per day for 2 weeks) significantly reduces stroke volume in HIF-1 + / + (sibling controls) and HIF-1 + /À mice (two-way ANOVA with Bonferroni's posttest analysis, n = 6 to 8 mice in each group). HIF-1, hypoxia-inducible factor 1.
Administration of Deferasirox Does Not Induce Transcript Abundance of Hypoxia-Inducible Factor 1 Targets
Multiple iron chelators, which act as PHIs inducing HIF-1 targets, reduce stroke volume (Baranova et al, 2007; Siddiq et al, 2005) . Thus, although low-dose, prolonged DFO administration did not induce HIF-1 targets, we examined if prolonged administration of DFR for 2 weeks may induce HIF-1 targets. Similar to DFO, DFR does not significantly induce the transcript abundance of the HIF-1 targets HK2, Glut-1, or VEGF ( Figure 6 ). Although DFR treatment increased the transcript abundance of EPO by 25%, this did not reach statistical significance ( Figure 6A ). Similar to DFO, DFR treatment did not induce EPO or VEGF protein abundance in the brain (Figures 6E and 6F) .
As several feedback mechanisms could reduce HIF-1 signaling if chronically activated, we also examined HIF-1 target expression 24 hours after initiating treatment with DFO or DFR. Neither DFO nor DFR induced HIF-1 targets at 24 hours after initiating treatment (Supplementary Figure S4) . Finally, as DFR has poor penetration of the bloodbrain barrier, but readily distributes to other organs such as the kidney and liver (Bruin et al, 2008) , we examined if DFR may induce the expression of EPO protein in these organs and in serum. Yet, similar to DFO, DFR treatment for 2 weeks did not induce EPO protein in the kidney, liver, or serum (Supplementary Figure S5) .
Prolonged Administration of Deferasirox Does Not Induce Phosphorylation of Akt, ERK, CREB, or Peripheral Erythropoietin
It is possible that DFR could induce a number of second messenger pathways that could increase viability of ischemic tissue. Yet, similar to DFO treatment, Akt phosphorylation, ERK phosphorylation, and CREB abundance was not altered by low-dose, prolonged DFR treatment (Supplementary Figure S6) .
Hypoxia-Inducible Factor 1 Targets Are Not Induced in Brain Cortex on Microarray Analysis of Deferoxamine and Deferasirox-Treated Mice
As detailed above, using quantitative PCR of select HIF-1 targets, neither DFO nor DFR increase expression of HIF-1 targets. Yet, HIF-1 may enhance expression of several dozen transcripts. As such, DFO and DFR could alter a subset of these targets, which may be of particular importance in mediating neuronal protection. These targets could easily be missed if only a few HIF-1 targets were examined by qPCR. Thus, we explored changes in the transcript profiles in the brain cortex in mice treated with vehicle controls, DFR, or DFO. In the case of DFO, samples from the brain cortex of four control mice (saline delivered by ALZET microosmotic pump) and five DFO-treated mice were examined. Similarly, in the case of DFR-treated mice, samples from brain cortex of four control mice (mice consumed juice/ water) and five DFR-treated mice were examined. After the data were quantile normalized, potential DFO or DFR-regulated targets were identified as those that were significantly different between control group and treatment group (independent t-test with P < 0.01) and had a ratio of treatment to control of > 1.25. This low ratio and less stringent P values were chosen to increase sensitivity for identifying HIF-1 targets regulated by DFO or DFR. Using these criteria, 59 and 37 transcripts were increased by DFO or DFR treatment, respectively ( Supplementary Tables S2 and S3 ). None of these transcripts were identified as HIF-1 targets as based on prior microarrays studies (Greijer et al, 2005;  Figure 6 Low-dose, prolonged treatment with deferasirox (DFR) does not induce hypoxia-inducible factor (HIF) target transcripts in brain or erythropoietin (EPO)/vascular endothelial growth factor (VEGF) protein in brain. (A-D) The HIF targets EPO, VEGF, hexokinase 2 (HK2), and glucose transporter 1 (Glut-1) were not induced by treatment with 20 mg/kg per day of DFR for 2 weeks (independent t-tests, n = 4 to 5 mice in each group). (E, F) DFR does not induce EPO or VEGF protein in brain (independent t-tests, n = 6 mice in each group). Vengellur et al, 2003) . Hypoxia-inducible factor 1 may also negatively regulate the expression of transcripts (Greijer et al, 2005) . Potential targets that were negatively regulated by DFO and DFR were identified as those that were significantly different between control group and treatment group (independent t-test with P < 0.01) and had a ratio of treatment to control of < 0.75. Using these criteria, 68 and 36 transcripts were diminished by DFO or DFR treatment, respectively ( Supplementary Tables  S4 and S5 ). Yet, none of these targets were previously identified as being negatively regulated by HIF-1 (Greijer et al, 2005) .
Multiple signaling pathways beyond HIF-1 and HIF-2 could contribute to the neuroprotection mediated by DFO and DFR. As such, we examined which targets were induced by DFO or DFR on the microarray analysis. In both DFO and DFR-treated mice, brain transcripts were only changed modestly. In the case of DFO, only two targets on the microarray were induced by twofold and only six targets increased by X50% ( Supplementary Table  S2 ). Similarly, DFR induced only one target by twofold, and only four targets by X50% (Supplementary Table S3 ). Given that DFO and DFR are both iron chelators, it might be expected that these two treatments would induce similar transcript profiles in the brain. Yet, there were no common targets in DFO and DFR-treated mice that met the criteria of being induced by 1.25-fold and were significantly different from controls (P < 0.01). Similarly, there were no common targets with transcript expression that were diminished to < 75% of their baseline values by both DFO and DFR ( Supplementary Tables  S4 and S5) .
Quantitative PCR was used to examine the expression of 11 targets that microarray analysis predicted to be induced by at least 25% in the brains of DFO (six targets) or DFR (five targets)-treated mice (Supplementary Figure S7) . While in general, these targets were modestly induced by the respective treatment, in most cases, the induction of the transcript was not statistically significant. In the case of DFO-treated mice, the transcript of protein kinase C and casein kinase substrate in neurons 3 was induced 50%, TRAF-type zinc-finger domain containing 1 was induced 30%, fibroblast growth factor 5 was induced 22%, and interleukin receptor 17D was induced only 15%. None of these changes were statistically significant (n = 4 control and n = 5 treatment). The abundance of Cobl-like 1 and b-actin were not changed by DFO treatment (data not shown) despite the fact that they were identified on the microarray as potential targets. In the case of DFRtreated mice, quantitative PCR demonstrated that early growth response 2 was induced almost twofold as predicted by the microarray. Yet, this difference did not reach significance (P < 0.07; independent t-test). Deferasirox treatment induced dual specificity phosphatase 6 by 42%, which was significantly different than controls (P < 0.01; independent t-test).
Early growth response 4 was induced by 25% (not significant), whereas sh2 domain containing 3C and Glis1 (GLIS family zinc-finger 1) were not altered (data not shown).
Deferoxamine and Deferasirox Protect Mice From Stroke Within 24 hours of Treatment
While a treatment with a neuroprotectant following TIA or minor stroke must maintain its efficacy over several weeks, recurrent stroke risk is greatest within the first few days following the sentinel event. As such, it is equally important that the neuroprotectant is effective early after beginning administration. To determine whether low-dose DFO and DFR are protective early after the onset of administration, we examined stroke volume at 24 hours after beginning treatment. Although somewhat less effective compared with longer time frames, stroke volume is reduced by both DFO and DFR within 24 hours of administration (Figure 7 ).
Discussion
Acute stroke interventions have captivated the preponderance of research efforts in stroke. Yet, unfortunately, multiple neuroprotectants have failed to reduce stroke-induced disability (Labiche and Grotta, 2004) . This failure is partially attributable Figure 7 Low-dose treatment with deferoxamine (DFO) or deferasirox (DFR) for 24 hours reduces stroke volumes. (A) Treatment with DFO (40 mg/kg) for 24 hours reduces stroke volume compared with saline controls (independent t-tests, n = 7 to 8 mice in each group). (B) Treatment with DFR (20 mg/ kg) for 24 hours significantly reduces stroke volume compared with mice control mice (independent t-tests, n = 10 to 11 mice in each group).
to the inability to deliver sufficient quantities of neuroprotectants to minimally perfused brain tissue within a short time frame. Not surprisingly, delivery of neuroprotectants before, rather than after, stroke onset offers more protection in animal models (Cheng et al, 2004) . While in most cases, preemptive delivery of neuroprotectants is impossible, it is potentially applicable to patients at high risk of stroke. For example, the risk of stroke within 90 days after TIA is 9% to 14% (Hill et al, 2004; Johnston et al, 2007; Kleindorfer et al, 2005) , but it can be as high as 25% in some subgroups. Most of the risk of stroke following TIA is within the first 30 days (Johnston et al, 2007) . Thus, if a prophylactic neuroprotection could be established for a period of several weeks after minor stroke or TIA, tens of thousands of patients may benefit yearly (Fisher et al, 1994; Savitz and Fisher, 2007) .
Prolyl hydroxylase inhibitors induce HIF-1 and reduce stroke volume when administered acutely after stroke onset (Baranova et al, 2007; Nagel et al, 2010; Ratan et al, 2004; Siddiq et al, 2005) . Recent work has implicated HIF-1 as mediating the protection afforded by DFO administration to mice in the peristroke period (Baranova et al, 2007) . This study reported that after administration of a single dose of 300 mg/kg of DFO to mice induces HIF-1 targets in the brain including Glut-1 and VEGF (Baranova et al, 2007) . This DFO-mediated induction of these targets was attenuated by loss of HIF-1 function in neurons. Similarly, loss of HIF-1 function in neurons also eliminated the DFO-induced neuroprotection, demonstrating the importance of neuronal HIF-1 for this DFO-induced protection. Another PHI, dimethyloxalylglycine (DMOG), also reduces stroke volume in rats subject to either transient MCAO or permanent MCAO (Nagel et al, 2010) . In this study, DMOG induced HIF-1 protein, VEGF, and endothelial nitric oxide synthase abundance. DMOG-mediated protection was associated with enhanced blood flow to the ischemic hemisphere after permanent MCAO. The levels of HIF-1 protein were only partially correlated with DMOG neuroprotection. Thus, the role of HIF-1 in DMOG-mediated protection remains unclear.
We are not aware of other studies that administered DFO over prolonged time frames and examined neuroprotection. Yet, prolonged (2 weeks), intermittent administration of DFO was used to protect the retina against ischemia. Deferoxamine (200 mg/kg) was delivered as six doses over 2 weeks before onset of retinal ischemia (Zhu et al, 2008) . Hypoxiainducible factor 1 targets were induced in the retina by this experimental paradigm for DFO administration, suggesting that HIF-1 likely contributes to the retinal protection. In contrast to these results achieved in the retina and brain with high-dose DFO (200 to 300 mg/kg), chronic low-dose DFO administration does not induce the transcript abundance of HIF targets. Similarly, the protein abundance of the HIF targets EPO and VEGF is not altered. Furthermore, DFO remains protective in HIF-1 + /À and mice with loss of HIF-1 function in neurons and astrocytes. When considering these divergent results, it is likely that DFO mediates protection of the brain or retina through multiple mechanisms depending on the dose and the time course of administration.
While high-dose DFO is thought to protect against stroke through the actions of HIF-1 in neurons (Baranova et al, 2007) , recent in vitro studies suggest that DFO also protects neurons through mechanisms independent of HIF-1 or HIF-2 function (Siddiq et al, 2009) . Instead, siRNA directed against prolyl 4-hydroxylase isoform 1 diminished neuronal death induced by oxidative stress through HIF-independent mechanisms (Siddiq et al, 2009 ). In addition, structurally diverse PHIs (including DFO) protect neurons in an in vitro model of Huntington's disease through a mechanism independent of HIF-1 function (Niatsetskaya et al, 2010 ). Yet, the molecular processes mediating this protective phenotype are unknown. As these neuroprotective mechanisms are better delineated, it will be interesting to determine whether similar molecular mechanisms contribute to low-dose chronic DFO or DFR-induced neuroprotection in vivo.
Similar to DFR and DFO, other medications, such as angiotensin receptor blockers, statins, and calcium channel blockers reduce stroke volume in animal models when administered for 2 to 4 weeks before stroke (Amin-Hanjani et al, 2001; Ito et al, 2002; Lukic-Panin et al, 2007) . A recent clinical trial (PRoFESS trial) examined if chronic administration of an angiotensin receptor blocker to stroke patients provides neuroprotection with recurrent stroke (Diener et al, 2008) . Unfortunately, angiotensin receptor blockers did not reduce disability with recurrent stroke. This could be related to the large percentage of small vessel strokes that occurred in these patients. It is unclear if angiotensin receptor blockers protect in this stroke subtype, as animal models of small vessel strokes are not widely used.
To our knowledge, this is the first study to examine the influence of DFR on stroke volume. Deferasirox is already in clinical use for patients with iron overload from repeated blood transfusions for blood dyscrasias. Deferasirox has advantages compared with DFO in that it is administered orally and better tolerated (Cappellini, 2008) . Deferasirox is commonly administered to patients for several months demonstrating a good safety profile over prolonged time periods. As such, DFR has the potential to be used in patients at high risk of recurrent stroke to reduce ischemic damage of recurrent stroke. Moreover, there is a great need to identify agents to provide protection against brain ischemia in patients at high risk of stroke.
